We report a multichannel microfluidic droplet reactor for the large-scale, high temperature synthesis of nanocrystals. The reactor was applied here to the production of CdTe, CdSe and alloyed CdSeTe nanocrystals, and found in all cases to provide high quality quantum dots with spectral properties that did not vary between channels or over time. One hour test runs yielded 3.7, 1.5 and 2.1 g of purified CdTe, CdSe and the alloy, respectively, using 0.4 M cadmium precursor solutions and carrier and reagent phase flow rates of 4 and 2 ml min
Introduction
Nanocrystals provide signicant advantages over bulk materials in terms of enhanced processability, chemical activity, bioavailability, and magneto and optoelectronic functionality.
1
However to exploit such properties requires exacting control over size, shape and chemical composition. Effective strategies for achieving such control have been developed for gram-scale batch syntheses, 2 but raising production levels to the larger kilogram quantities needed for many commercial applications has proven to be difficult. Increased reaction volumes typically lead to diminished mixing efficiencies and poorer heat management, causing spatial variations in temperature and chemical composition that inuence localised reaction kinetics and induce polydispersity in the nal product or lead to unwanted side reactions, lowering yields.
In 2002, as an alternative to batch synthesis, Edel et al. 3 proposed the use of microscale ow reactors for nanocrystal synthesis, reasoning that the smaller reaction volumes would provide greater homogeneity in the chemical environment, thereby improving product quality. In subsequent years microreactors have been extensively applied to the small-scale synthesis of high quality nanoparticles.
4 Nanocrystalline colloids of a wide range of materials have been prepared in microreactors including (but not limited to) CdSe, 5 CdS, 3, 6 InP, 24 In all cases, microreactors were shown to offer signicant advantages over equivalent batch reactions, most notably in terms of increased reaction control and the ability to ne tune the physicochemical properties of the nal product. However microuidic methods have until now been limited to the small-scale synthesis of nanomaterials ((1 g per day), and their applicability to high volume materials production has remained untested.
The throughput of microuidic reactors may be raised through a combination of increased reagent concentrations, higher ow rates and scaling-out, i.e. operating N identical reaction channels in parallel to achieve an N-fold increase in throughput relative to a single-channel reactor. Scaling out is an especially attractive approach since it requires no changes to the reactor geometry, and so allows materials throughput to be increased without any modications to the underlying process chemistry. Hence, in contrast to the scaling up of batch reactions, scaling out can in principle be implemented without any detriment to product quality or yield.
Despite its obvious importance, scaling out has been a largely neglected aspect of microreactor technology. There are only a handful of reports of its successful application to chemical syntheses (nanoscale or otherwise), most of which have used gas/liquid reactors. [25] [26] [27] One of the most notable examples of scale-out was reported by Chambers and coworkers, who fabricated a multi-channel F 2 (g)/liquid based ow reactor for the direct uorination of (liquid) organic molecules with an output of $150 g per day. 25 Comparable-throughput micro-reactors for nanocrystal synthesis would easily satisfy current industrial demands for quantum dots and many other low-volume/high-value nano-crystals, provided adequate materials quality could be assured.
The principal challenge for achieving successful scale-out is the development of a scalable architecture that allows multiple channels to be supplied from a small number of communal feed reservoirs, ‡ while ensuring excellent consistency of product from channel to channel and over time. Crucially, individual channels must exhibit excellent operating stabilities and remain fully operational over extended periods of time. If the channel number N is sufficiently large and all channels are identical with a common mean-time-before-failure (MTBF) s f , the number of working channels will decay exponentially with a lifetime s f (or faster if failures are positively correlated); hence, aer a time t ¼ s f , almost a third of the channels will already be defective, leading to an appreciable drop in yield and/or signicant product inhomogeneity (depending on the nature of the failure mode and reaction chemistry).
28 Achieving a high MTBF is therefore essential for reliable scale-out.
Most reports of nanoparticle synthesis in microreactors have involved single phase reactors that manipulate miscible streams of a single reagent phase. Such reactors can be problematic for scale-out synthesis since they are susceptible to fouling under prolonged operation -a consequence of the reagent phase making physical contact with the channel walls. 29 By selecting an immiscible carrier uid that preferentially wets the walls and injecting it into the channel alongside the reagent phase, the latter can be forced to separate into a train of discrete droplets that are completely encapsulated within the carrier uid. Importantly the droplets are swept through the channel at a common speed (ensuring excellent uniformity of ow) and remain fully isolated from the walls, greatly reducing the risk of reactor fouling. 30 Droplet ow is therefore well suited to applications where high reliability is required from multiple channels, and might therefore be expected to provide a sufficiently high MTBF for successful scale-out.
Droplet-based synthesis of nanocrystals was rst reported in 2004 by Shestopalov et al., who carried out an aqueous-based synthesis of CdS quantum dots using a single channel water-inuorous-oil droplet reactor fabricated from poly(dimethylsiloxane). 31 They reported excellent stability of the reactor when operating in droplet mode, and observed rapid fouling of the reactor when the uorous phase was replaced with water and the reactor reverted to a single-phase mode of operation. Single channel droplet reactors have subsequently been applied to the low temperature ((100 C) synthesis of many nanocrystalline materials, with good resilience to fouling being reported in virtually all cases. 14, 16, 18, 23 In practice, low temperature synthesis routes tend to yield crystals with rather high defect densities and for optimal crystalline quality high temperature routes must be used to anneal out crystal defects. 32 To our knowledge there have been just three reports of nanocrystal synthesis in droplet reactors operating substantially above 100 C 17,33,34 due to the difficulty of maintaining reliable droplet ow under strong heating. § High temperature nanocrystal synthesis in a droplet reactor was rst reported by Chan et al. 33 who prepared CdSe quantum dots in octadecene (ODE) droplets, using an immiscible high boilingpoint peruorinated polyether (PFPE) carrier uid. The reaction was carried out at temperatures of up to 300 C in a glass microuidic chip which had been surface-modied with a peruoroalkylsilane to ensure preferential wetting of the channel walls by the uorous carrier phase. High quality CdSe was obtained during the rst ve hours of operation, with controlled droplet ow and no fouling of the reactor, conrm-ing the effectiveness of the droplet approach. However continued operation resulted in degradation of the silane surface-coating, causing the reagent phase to wet the channel walls and droplet ow to cease. Following Chen et al. we subsequently reported high temperature droplet synthesis of CdSe in the same ODE-PFPE uid system, but using a polytetrauoroethylene (PTFE) capillary instead of a glass microuidic chip -PTFE being chosen as it is preferentially wetted by the uorous carrier phase without the need for any surface treatment. 34 The capillary-based droplet reactor could be operated indenitely at temperatures up to 250 C, yielding particles with well-dened band-edge emission spectra that did not vary over the course of a day's production. A similar PTFE capillary-based reactor has since been successfully applied by Hoang et al. to the high temperature synthesis of zeolites.
17
Owing to the excellent stability of our earlier single-channel PTFE capillary reactor, 34 we sought to develop a multichannel scale-out reactor for high temperature nanocrystal synthesis using a similar capillary-based architecture. Our goal was to develop a fully functional ve-channel prototype droplet reactor capable of producing high quality quantum dots at rates in excess of one hundred grams per day, using a scalable architecture that would allow for straightforward expansion to the kilogram-per-day production levels sought by industry. The fabrication of the scale-out reactor and its application to the volume synthesis of cadmium chalcogenide nanocrystals is described below. Fig. 1 shows a schematic of the scale-out reactor. For maximum scalability, all channels of the reactor were supplied from a common set of feed reservoirs. For the reagent phase, a premixed precursor solution of chalcogen-trioctylphosphine and ‡ Note, using separate feed-systems for each channel would entail unacceptable cost and complexity. § Note, there are several reports relating to the successful use of gas/liquid segmented ow reactors for high temperature nanocrystal synthesis. However in these reactors the reagent phase is able to make contact with the channel walls, risking particle deposition and eventual failure of the reactor.
Reactor design
cadmium oleate in octadecene (see Experimental) was loaded into a single two-litre storage bottle. Samples of the precursor solution were continuously extracted from the bottle into two 5 ml syringe pumps (Harvard Pump 11+) connected in a push/ pull arrangement using a pair of two-way solenoid valves (Biochem valve, 100T3MP24-62, controlled using a KMtronic USB relay board).{ The pumps and valves were programmatically controlled so that one syringe would withdraw fresh precursor solution from the bottle as the other pulselessly dispensed its payload into the reactor, with the two syringes changing direction and swapping roles when the rst syringe was almost full and the second almost empty.k In a production environment continuous pumps -HPLC or gear -would be more appropriate for delivery of the reagent phase, but syringe pumps were the preferred option here for safely handling large quantities of cadmium compounds since they could be readily dismantled and cleaned.
For the carrier phase a small plastic beaker with an overow spout was lled with peruorinated polyether (Fomblin Y 06/6) up to the level of the overow (see Fig. 1 ). This beaker was used both for storage of the carrier uid and for receipt of the effluent at the reactor outlet as described below. One end of a PTFE capillary was immersed in the PFPE and used to continuously withdraw carrier uid into the inlet of a high pressure liquid chromatography (HPLC) pump (Laballiance 1500), selected for its ability to maintain a continuous ow of (viscous) PFPE into the rest of the reactor against a high back-pressure.
The outlets of the two pumping systems were separately fed into ve-way passive ow-dividers, which split the precursor and the carrier uid into parallel streams. Paired streams of precursor and carrier uid were then individually merged at ve separate PTFE T-junctions (see Experimental). The outlets of the T-junctions were connected to 5 m PTFE reaction channels (inner diameter ¼ 1 mm), yielding ve parallel streams of reagent-phase droplets in PFPE carrier uid. Carrier to reagent ow-rate ratios of at least 3 : 2 were used to ensure a sufficient excess of carrier uid to fully wet the channel walls.
To ensure droplets in each line experienced equivalent temperature proles -essential for ensuring consistency of product -the ve reaction channels were intertwined into a single cord using a symmetric braid: a ve-stranded English sinnet
35 (see Fig. 1 and 7b). A 2.65 m inner section of the braided cord was immersed in a heated oil bath to induce nucleation and growth of the nanocrystals. As a result of the braiding all droplets moved helically around the central axis of the cord, averaging out the effects of temperature gradients and inhomogeneities.
The effluent from each line was delivered into the same beaker that was used for storage of the PFPE carrier uid, with the reaction phase forming a discrete layer above the PFPE (which was recycled into the main reactor by the HPLC pump, thereby avoiding the cost and inconvenience of continuously supplying fresh carrier uid). The level of the reaction phase gradually increased due to the continuous withdrawal of precursor solution from the two-litre bottle, while the level of the (recirculating) carrier uid remained constant. In consequence the upper surface of the reaction phase periodically rose above the level of the overow, causing a slug of solution to be expelled from the beaker into a secondary collection vessel. (Note, this process was periodic rather than continuous since a sufficient body of uid had to rst accumulate in the beaker for the pressure head to overcome surface tension at the exit of the overow spout and so allow the excess reagent phase to separate from the remainder of the solution.) Ensuring balanced ow through the different reactor lines is of critical importance for attaining an homogenous product, and is recognised as being one of the principal obstacles to achieving successful scale-out. 36 Passive ow dividers of the kind used here partition a uid stream on the basis of pressure, and slight differences downstream (due e.g. to diameter variations, kinks and other physical imperfections in the lines) can therefore result in unbalanced ow.
To achieve balanced carrier ow, the following equalisation procedure was employed. The reagent ow was rst set to zero and carrier uid was pumped into the ow divider at a steady rate of 3 ml min À1 from the HPLC pump, corresponding to an average throughput per line of 0.6 ml min À1 . Samples from each { The small volume of the syringes facilitated pulseless delivery of the precursor solution into the reactor against a high back-pressure. k The switchover phase (during which ow through the reactor was momentarily interrupted) lasted approximately 1 s, implying an active duty cycle of >99% for a typical ow rate of 2 ml min À1 .
line were collected over a two minute period and weighed on a balance. Signicant variations in carrier ow rate (Q c ) were initially observed across the lines, with lines 2, 3 and 4 operating at $1.03 g min À1 and lines 1 and 5 at $1.16 g min À1 .
To balance the ow rates, the back-pressures of the slow-owing lines were reduced by trimming their free (unbraided) ends by equal amounts until the back-pressures were equalised and even ow attained.** Fig. 2a shows the spread in Q c values aer reducing the length of the slow-owing lines by 0, 20, 40 and 60 cm. The relative standard deviation (RSD ¼ standard deviation divided by the mean) decreased rapidly as the slow lines were shortened, falling from an initial value of 6.9% to a nal value of 0.4% aer trimming 60 cm. With the carrier ow balanced, ODE was then introduced at a ow rate of 0.6 ml min À1 (0.47 g min À1 ), while maintaining the carrier ow at 3.0 ml min À1 (5.4 g min À1 ). This resulted in a substantial deterioration in the line-to-line ow uniformity from RSD ¼ 0.4% without the reagent phase to RSD ¼ 9.4% with the reagent phase. (Note, here the RSDs refer to the total ow-rate Q T , i.e. the ow-rate of the carrier uid Q c plus the ow-rate of the reagent phase Q R .) To restore the ow uniformity, pressure-drop channels (PDCs) -identical short lengths of narrow diameter tubing -were inserted between the outlets of the reagent-phase ow divider and the T-junctions. PDCs provide a high back-pressure immediately before the main reactor lines and have previously been reported to provide improved ow uniformity by reducing the relative inuence of pressure variations and uctuations downstream.
27,37
PDC tubing of different lengths and inner diameters was evaluated with a view to attaining well balanced ow without incurring excessive back-pressures that might place undue strain on the syringe pumps. Fig. 2b shows for PDCs of various lengths and diameters the total measured ow-rate through each line versus the calculated back-pressure Dp, determined according to the Hagen-Poiseuille formula, which for cylindrical channels of length l, diameter d and constant ow rate is given by: Dp f l/d 4 .
(Note, for simplicity we assumed a common friction factor and normalised all back-pressures to the d ¼ 800 mm, l ¼ 300 mm case.) The spread in Q T values was seen to diminish rapidly with increasing back-pressure, decreasing to an RSD of 0.6% when using 150 mm fused silica capillaries of length 300 mm. These capillaries were accordingly selected for the pressure drop channels. In this way, by rst adjusting the carrier ow via back-pressure adjustments and then using PDCs to regulate the reagent phase, a stable balanced ow distribution was obtained.
Results and discussion
The scale-out reactor was rst applied to the synthesis of CdTe nanocrystals, using a precursor of pre-mixed cadmium oleate and tellurium trioctylphosphine (TeTOP) in octadecene (2 : 1 molar ratio, see Experimental). The oil bath temperature was 175 C and the precursor and carrier ow-rates were set to 4 and 2 ml min
À1
, respectively implying a reaction time of 1.7 minutes for the selected ow-rates. The time and temperature were selected on the basis of exploratory experiments carried out using a single-line droplet reactor 34 with the same precursor solution.
In operation, each T-junction expelled a regular train of discrete reagent-phase droplets into a separate line of the reactor. On entering the braided zone the droplets adopted helical trajectories, with droplets from different lines interweaving amongst one another in accordance with the sinnet motif. On entering the oil-bath all droplets had a uniform size, speed and separation but the uniformity was gradually disrupted as they passed through the heated zone due to occasional thermocoalescence of adjacent droplets. (Note, coalescence did not have a noticeable effect on residence times and hence did not affect the nal particle properties -see results below.) The colour of the droplets progressively darkened as they passed through the oil bath from a pale yellow at the entry point to a deep red at the exit point, consistent with the formation of CdTe nanocrystals. In normal operation, the effluent from all ve lines was collected in the same plastic beaker used for phase separation and PFPE storage, with the reagent phase periodically 'spilling' over into a secondary collection vessel as described above. In addition for analysis purposes 2 min aliquots were collected directly from each line at ten minute intervals over the course of one hour and stored in separate vials (thirty ve samples in total). The ow-rates determined from the aliquot masses were consistent from line-to-line and over time as shown in Fig. 2c . Fig. 3a shows emission spectra for the samples collected from each line over the course of an hour (see ESI Fig. S1 † for corresponding absorption spectra); no signicant differences in spectra were observable from line to line or over time, indicating well balanced and stable (dri-free) operation of the reactor. The excellent consistency of product between lines is clear from Fig. 3b , in which absorption and emission spectra for samples collected from all ve lines at time t ¼ 40 min are shown in a single plot. The close agreement between spectra is consistent with the production of nanocrystalline CdTe of a common size, shape and chemical composition.
The reactor was further applied to the synthesis of CdSe and alloyed CdSeTe -the latter material being of interest for its low optical gap. 38, 39 The CdSe precursor comprised a 2 : 1 molar mixture of cadmium oleate with SeTOP, while the alloy precursor comprised a 10 : 4 : 1 molar blend of cadmium oleate with SeTOP and TeTOP (see Experimental). In both cases the total reagent concentration, the cadmium to chalcogenide ratio, and the ligand concentration matched those used previously for CdTe. The temperature of the oil-bath was set to 175 C for CdSe and to 195 C for the alloy, with all other experimental parameters (ow rates, tubing lengths) being kept the same as before. Visually, the droplet ow was in both cases similar to that observed for CdTe, with droplets undergoing occasional thermocoalescence as they passed through the oil-bath and changing in colour from pale yellow to orange in the case of CdSe and from orange to deep red/brown in the case of the alloy. 2 min aliquots were again collected from each line at ten minute intervals over the course of one hour. As with CdTe, the ow rates were well balanced (see ESI Fig. S2 †) , and there were no signicant differences in spectra between lines or over time (see ESI Fig. S3 and S4 †) . Fig. 3c and d show for each material how the peak wavelengths (l max ) and full width half maxima (FWHM) of the emission spectra varied over the course of the one hour production runs. l max for each material uctuated by only a few nanometers (standard deviations of 0.9, 0.8 and 2.7 nm) about the mean values of 596, 525 and 678 nm for CdTe, CdSe and the alloy respectively, providing further evidence of the uniform, stable nature of the reactor. The longer wavelength emission from the alloy is consistent with the occurrence of band-gap bowing in which (for a given particle size) the optical gap of the daughter material dips below that of the two parent materials with a parabolic dependence on composition.
38,39
In normal operation (i.e. when not sampling aliquots from individual lines), the combined effluent from the ve channels accumulated in the collection vessel, see Fig. 1 . Photographs of CdTe, CdSe and alloy solutions taken from the collection vessel are shown in Fig. 4a under conditions of UV excitation, with the corresponding emission spectra shown in Fig. 4b . As expected the spectra of the combined samples matched closely to those obtained from the individual reactor lines, with l max values of 596, 525 and 674 nm and FWHM values of 43, 34 and 90 for CdTe, CdSe and the alloy respectively.
Each material was puried using standard precipitation/ centrifugation protocols and dried overnight in a vacuum oven at 50 C (see Experimental). Hour long runs produced 3.7, 1.5 and 2.1 g of puried CdTe, CdSe and the alloy respectively. The relative yields reect the greater molar mass of CdTe over CdSe and the higher relative reactivity of TeTOP over SeTOP.
The three materials were characterized using transmission electron microscopy (TEM), X-ray diffraction (XRD) and energy dispersive X-ray (EDX) analysis. TEM showed the puried materials to be weakly anisotropic branched nanostructures with smallest dimension <3 nm (see Fig. 5a-d) . The observed morphology is consistent with anisotropic crystal growth driven by the high reagent concentrations and the use of a bulky chalcogen ligand (TOP). 40 High resolution TEM images revealed the crystalline nature of the nanostructures, with lattice fringes clearly resolvable for all three materials (see Fig. 5d and ESI  Fig. S5 †). [1 1 1] d-spacings were identiable in all three cases and determined via a Fourier transform of the images to be 3.4, 3.87 and 3.56Å for CdSe, CdTe and the alloy respectively, in broad agreement with literature values. 41 The intermediate d-spacing in the latter case indicates the successful formation of an alloyed structure, which was further conrmed by XRD.
As shown in Fig. 5e , the XRD spectra for the three materials matched closely in terms of shape and line-width, although the peak locations were somewhat shied -consistent with their having a common crystal structure but different lattice parameters. The CdSe and CdTe peaks correlated well with the standard zinc blende reference peaks (JCPDS cards 00-019-0191 and 00-015-0770 respectively), while the alloy showed features at locations intermediate between the two -consistent with the successful formation of an alloyed zinc blende crystal structure with an intermediately sized unit cell. Applying the Scherrer equation to the [1 0 0] peak of each material (at 2q z 25 ) yielded in all cases a crystallite size of $2.5 nm, in broad agreement with the small dimension of the structures seen in the transmission electron micrographs. EDX showed the alloy to have a Se : Te ratio of $2 : 1 (see ESI Fig. S6 †) . The relative composition of the alloy nanocrystals differed substantially from the 4 : 1 composition of the precursor solution due to the higher reactivity of the Te precursor species.
38,42
Finally, to evaluate the viability of applying the scale-out reactor to the sustained production of nanocrystals at even higher levels of throughput, a nine hour test run was carried out for CdTe, using increased carrier and reagent ow-rates of 5 and 3 ml min À1 (which corresponded to the upper capabilities of the pumps we employed). All other reaction parameters, including capillary lengths, were kept the same as before. 30 s aliquots were collected from each line at one hour intervals over the nine hour duration of the run, and absorption and emission spectra recorded. As before, the ow rates of the carrier and reagent phases were well balanced and there were no signicant differences in the measured spectra between lines or over time, as shown in Fig. 6 (see ESI Fig. S7 † for the corresponding absorption spectra). The peak wavelength and full width half maxima of the emission spectra uctuated about their mean values of 589.5 and 43.3 nm with small standard deviations of 1.0 and 0.6 nm respectively, conrming the good uniformity and stability of the reactor and the excellent consistency of the resultant product even at the elevated ow rates. Following purication 54.4 g of nal dry material was recovered from the nine hour run, corresponding to a high production rate of 145 g per day. An image of the puried material is shown in Fig. 7a . Fig. 7b shows a photograph of a section of the ve braided reaction lines aer extended use, together with a braid of unused PTFE capillary. No signicant differences were observable between the pristine and used lines, with no visible evidence of particle deposition or reactor wear aer use. Anecdotally we note that the same reactor lines were used for all measurements reported here and we have observed no degradation of the capillaries over several months of testing, indicating the effectiveness of the PFPE carrier uid in protecting the channels against fouling and preserving the long-term operability of the reactor.
Conclusion
In conclusion we have developed a ve-channel prototype droplet reactor for the large scale synthesis of nanocrystals at high temperature. The reactor was applied here to the production of nanocrystalline CdTe, CdSe and alloyed CdSeTe, and found in all cases to provide high quality quantum dots with spectral properties that did not vary between channels or over time. Initial one hour test runs yielded 3.7, 1.5 and 2.1 g of puried CdTe, CdSe and the alloy, respectively, using 0.4 M cadmium precursor solutions and carrier and reagent phase ow rates of 4 and 2 ml min
À1
. A further nine hour test-run applied to CdTe, utilizing increased carrier and reagent ow rates of 5 and 3 ml min À1 , yielded 54.4 g of dry puried material, corresponding to a production rate of 145 g per day.
The quantity of material produced here compares favourably with reports of high volume nanocrystal synthesis elsewhere in the literature where the term "large-scale" has been applied to the batch synthesis of 2.5 g of core/shell CdSe/CdS, 43 2.7 g of InPZnS, 44 2.8 g of ZnO, 45 "several grams" of Fe 3 O 4 , 46 9.6 g of 50 while the term "ultra large-scale" has been used to describe the batch synthesis of 40 g of Fe 3 O 4 .
51 Although the reactor was operated here for a maximum of nine hours to avoid producing an excessive quantity of CdTe waste material, it showed no signs of aging during the course of the run, suggesting it should be amenable to many days of continuous operation. The 145 g per day level of throughput -whilst in itself a signicant production rate for nanomaterials -was obtained using a modest ve-way level of parallelisation. With only minimal changes to the reactor architecture, it should be quite feasible to expand the architecture to forty channels or more, providing ready access to production rates in excess of 1 kg per day.
Experimental
Materials CdO (99.5%), Te (99.5%, 200 mesh powder), TOP (90%) and ODE (90%) were obtained from Alfa Aesar. Se (99.5%, 100 mesh powder) and oleic acid (90%) were obtained from Sigma Aldrich. Anhydrous ethanol and toluene were obtained from VWR. All chemicals were used as received.
Cd oleate stock solution
To make 100 ml of Cd oleate stock solution, 5.4 g of CdO was added to 54.4 ml of oleic acid and 45.6 ml of ODE in a 250 ml round bottomed ask (giving a Cd : oleic acid molar ratio of $4 and a Cd concentration of 0.4 M). The resulting red/brown suspension was degassed for ten minutes under vacuum while heating to 100 C. N 2 was added in and the suspension heated to 180 C with vigorous stirring. Aer 1 hour at this temperature the ask contents had cleared to give a clear solution of Cd oleate, with a very pale yellow colour. The ask was taken off the heat and allowed to cool.
TeTOP stock solution
To make 100 ml of TeTOP stock solution, 27.4 ml of TOP was rst added to a 100 ml round bottomed ask under air-free conditions. 2.56 g of Te powder was added (giving a Te : TOP molar ratio of $3), the resulting suspension was degassed under vacuum for $15 minutes and then heated to $270 C under N 2 with vigorous stirring. Once the contents of the ask had turned from a turbid grey suspension to a clear yellow/ green solution, the ask was removed from the heat and allowed to cool. Aer cooling to a clear orange colour, 72.6 ml of ODE was added to the solution giving a Te concentration of 0.2 M.
SeTOP stock solution
To make 100 ml of SeTOP stock solution, 27.4 ml of TOP and 72.6 ml of ODE were added to a 100 ml round bottomed ask under air-free conditions. 1.59 g of Se powder was added (giving a Se : TOP molar ratio of $3 and a Se concentration of 0.2 M) and le stirring until the Se had dissolved to give a clear colourless solution.
Nanocrystal precursor solutions
For the CdTe precursor solution, equal volumes of Cd oleate and TeTOP stock solutions were mixed to give a clear solution.
The mixture was then le overnight before use. On initial mixing the solution was a bright yellow but darkened overnight to give a deep orange colour. The CdSe precursor solution was prepared in an identical fashion and was observed to change from colourless upon initial mixing to a light yellow colour aer aging overnight.
For the alloy precursor solution, individual CdTe and CdSe precursor solutions were prepared as described above and then, aer aging overnight, were combined (4 : 1 by volume CdSe : CdTe precursor solutions) and used immediately.
Characterisation
Low resolution TEM imaging was performed with a JEOL2010 microscope operated at 200 eV using formvar/carbon covered Cu grids (Agar). High resolution TEM imaging was performed with a 2100 LaB6 microscope tted with a HR pole piece, operated at 200 kV, using 6 nm amorphous carbon coated 3.05 mm Cu grids (Agar).
EDX was performed using an Oxford Instruments INCA 80 mm X-Max detector tted to the JEOL2010 microscope. Three areas were sampled for each material in order to obtain an average atomic concentration.
Powder XRD was performed with a PANalytical X'Pert Pro MRD diffractometer, using Ni ltered Cu K-alpha radiation at 40 kV and 40 mA.
All photoluminescence and absorption measurements were carried out using a modied Jobin-Yvon Fluoromax 2 uorim-eter on unpuried reaction solution samples diluted using toluene (with the exception of Fig. 4b which shows the spectra of puried samples dissolved in toluene). A photodiode in the uorimeter was used to monitor transmitted light through the cuvettes for simultaneous absorption measurements. For ease of comparison emission spectra were normalised with respect to the peak intensity, while absorption spectra were normalised with respect to the absorbance at the rst excitonic peak.
Purication
The nanocrystals were puried using two precipitation-centrifugation-washing cycles. They were rst precipitated from the reaction solution using anhydrous ethanol. Following isolation by centrifugation (5000 rpm for 20 minutes), the resulting nanocrystal pellet was washed with anhydrous ethanol, dried in a stream of nitrogen, and then re-dissolved in the minimum volume of toluene. The nanocrystals were once again precipitated with anhydrous ethanol, isolated by centrifugation (5000 rpm, 20 minutes), washed and then dried overnight in a vacuum oven at 50 C.
Fabrication of T-junctions
The T-junctions were fabricated in-house using a 4-dimensional CNC mill to machine PTFE round-stock (RS). As shown in ESI  Fig. S8 , † the T-junctions had 1 mm through-channels and were interfaced with the capillary tubing using angeless ferrules and nuts (P-305, P-342, Upchurch Scientic).
